The histological grade of carcinomas describes the ability of tumor cells to organize in differentiated epithelial structures and has prognostic and therapeutic impact. Here, we show that differential usage of the genomic repertoire of transcriptional enhancers leads to grade-specific gene expression programs in human pancreatic ductal adenocarcinoma (PDAC). By integrating gene expression profiling, epigenomic footprinting, and loss-of-function experiments in PDAC cell lines of different grade, we identified the repertoires of enhancers specific to high-and low-grade PDACs and the cognate set of transcription factors acting to maintain their activity. Among the candidate regulators of PDAC differentiation, KLF5 was selectively expressed in pre-neoplastic lesions and low-grade primary PDACs and cell lines, where it maintained the acetylation of grade-specific enhancers, the expression of epithelial genes such as keratins and mucins, and the ability to organize glandular epithelia in xenografts. The identification of the transcription factors controlling differentiation in PDACs will help clarify the molecular bases of its heterogeneity and progression.
Introduction
Epithelial tumors (carcinomas) display various degrees of histological alteration compared to the tissue they derive from, a property that is commonly referred to as tumor grade (Devita et al, 2015) .
Such diversity reflects the intrinsic ability of cancer cells to express genes characteristic of the tissue of origin and to interact among them and with the tumor stroma to organize differentiated epithelial structures. In addition to prognosis, grade may also impact therapeutic options, being cells of distinct grade differentially sensitive to various therapies. In many carcinomas, distinct areas of the same tumor display a similar degree of differentiation. However, in the specific case of pancreatic ductal adenocarcinoma (PDAC), the most frequent cancer of the exocrine pancreas (Hidalgo, 2010) , a great intratumor variation in the degree of differentiation is the standard, with foci of poorly differentiated cell nests frequently coexisting with well-or moderately differentiated glandular structures (Kloppel et al, 1985) . This histological variability indicates that mechanisms involved in the maintenance of PDAC differentiation commonly deteriorate, thus leading to the various levels of histological disorganization observed in G2-G3 areas of the tumors. Moreover, the distinct sensitivity to treatment of low-and high-grade PDAC cells coexisting in the same tumor lays the ground for resistance to chemotherapy and may critically contribute to the almost invariably deadly outcome of PDAC patients (Hidalgo, 2010) .
Pancreatic ductal adenocarcinoma grade is also correlated with the gene expression signatures that distinguish three recently described PDAC subtypes with different prognosis and response to treatments (Collisson et al, 2011) : The "classical" subtype is associated with lower grade tumors with better prognosis and is characterized by high expression of epithelial and adhesion genes; the "quasi-mesenchymal" subtype is associated with higher grade tumors and worse prognosis, and shows high expression of mesenchymal genes; and the less common "exocrine" subtype is characterized by the expression of genes encoding pancreatic acinar enzymes. PDAC cell lines include representatives of the classical and the quasi-mesenchymal, but not the exocrine subtype (Collisson et al, 2011) . The transcription factors (TFs) and cis-regulatory circuits that enforce the maintenance of the gene expression programs characteristic of high-and low-grade PDAC cells are unknown.
Normal cell and tissue differentiation reflects the activity of gene regulatory networks supervised by TFs involved in lineage determination and maintenance of cell identity (Huang et al, 2009) . Combinatorial binding of sequence-specific TFs to cis-regulatory genomic elements (enhancers and gene promoters) (Spitz & Furlong, 2012) triggers the recruitment of enzymes (transcriptional coregulators) that control the deposition of histone modifications (Heintzman et al, 2007; Rada-Iglesias et al, 2010; Ostuni et al, 2013) . Thus, cell type-specific differences in the repertoire of genomic regions marked by such histone modifications reflect the underlying activity of different combinations of TFs (Heintzman et al, 2009; Visel et al, 2009; Andersson et al, 2014; Lara-Astiaso et al, 2014) . The differential usage of the genomic cis-regulatory information by sequence-specific TFs determines the transcriptional programs and eventually the functional properties characteristic of individual cell types (Neph et al, 2012) .
Within this conceptual framework, new properties acquired by cancer cells reflect a change in the usage of the genomic cisregulatory information driven by an altered expression and/or activity of sequence-specific TFs and their associated coregulators. For example, the invasiveness of high-grade gliomas was linked to the activity of two TFs, C/EBPb, and STAT3, that synergize to reprogram tumor cells toward a mesenchymal behavior (Carro et al, 2010) . Therefore, the undifferentiated state of high-grade tumors may represent the consequence of cell reprogramming events driven by newly established TF networks. In fact, for every cancer type, tumor cells with different grade may have to be considered as truly distinct cell types, with their own stable gene regulatory networks programmed by specific combinations of active TFs.
In this study, we set out to identify the TFs responsible for the control of differentiation in human PDACs. To this aim, we first defined the transcriptomes and epigenomes of PDAC cells representative of well-differentiated (low-grade, Lo-G) and undifferentiated (high-grade, Hi-G) tumors. Then, we computationally deconvoluted the different types of next-generation sequencing data to identify candidate TFs controlling grade-specific transcriptional and epigenomic properties; and finally, we experimentally validated selected candidates.
We identified thousands of enhancers that were specific to Lo-G PDACs and a panel of cognate TFs acting on them, including known regulators of pancreas differentiation or endoderm development. Among the TFs identified, we selected for further investigation Krü ppel-like factor 5 (KLF5) both because of its known involvement in the differentiation of endoderm-derived epithelia (Wan et al, 2008; Bell et al, 2011 Bell et al, , 2013 and because of its implication in other tumors of the gastrointestinal tract (Nandan et al, 2004 (Nandan et al, , 2008 . In a large panel of human PDACs, KLF5 was selectively expressed in low-grade (G1) epithelia and absent in areas of poor differentiation (G3). In vitro, KLF5 was required for the expression of a subset of epithelial identity genes, such as keratins and mucins, for the maintenance of histone acetylation at a large fraction of enhancers selectively active in well-differentiated PDAC cells and, to a lesser extent, for the repression of genes associated with the mesenchymal program and with stemness. Consistently, KLF5-deleted PDAC cells were unable to form differentiated epithelia in xenografts. KLF5-dependent genes were largely distinct from those activated by ELF3, another regulator of epithelial identity (De Craene & Berx, 2013) also selectively expressed in low-grade PDACs, and from those suppressed by the transcriptional repressor ZEB1, a master inducer of mesenchymal properties that is instead selectively expressed in high-grade PDACs. Therefore, maintenance of the epithelial identity in low-grade PDACs results from the complementary activities of multiple transcriptional regulators.
Results

Grade-specific expression of transcription factors in cell lines and tumors
We first used RNA sequencing (RNA-seq) ( Appendix Fig S1A) to analyze the transcriptome of a panel of nine human PDAC cell lines that have been extensively characterized for their in vitro and in vivo properties and include representative of both low-and highgrade PDACs (Sipos et al, 2003; Collisson et al, 2011) . For instance, CAPAN-2 and CFPAC-1 self-organized into differentiated epithelia similar to those characteristics of Lo-G PDACs in vitro and in vivo (Sipos et al, 2003) and were associated with the classical PDAC signature (Collisson et al, 2011) . Conversely, MiaPaCa-2 and PANC-1 constitutively expressed mesenchymal genes (Collisson et al, 2011) , showed fibroblastoid morphology, and were unable to generate differentiated epithelia in vitro and in vivo, thus representing Hi-G PDACs (Sipos et al, 2003) . The Lo-G and the Hi-G PDACs clustered at the opposite ends of a correlation matrix (Fig 1A) , while two cell lines (AsPC-1 and BxPc3) showed an intermediate transcriptional profile. A Gene Set Enrichment Analysis (GSEA) (Table EV1) revealed that the transcriptomes of the Lo-G cell lines were mainly enriched for gene sets associated with epithelial differentiation, while those of the Hi-G PDACs were associated with gene sets linked to the acquisition of mesenchymal properties. Lo-G PDACs also showed an enrichment of gene sets associated with the interferon (IFN) response and IFN signaling (Table EV1) . Two representative GSEA plots are shown in Appendix Fig S1B. Using a log 2 (fold change) ≥ AE1 and an FDR ≤ 0.1, we identified 1,164 differentially expressed genes, including 689 genes preferentially expressed in low-grade PDACs and 475 in high-grade PDACs (Appendix Fig S1A and Table EV2) . From this list, we extracted a set of 60 sequence-specific TFs (Fig 1B and C) whose differential expression hinted at a possible role in controlling the epigenome and the transcriptional programs specific to the Lo-G and the Hi-G PDAC subtypes. The 38 TFs specific to Lo-G PDACs included known regulators of pancreatic development such as FOXA1 (Gao et al, 2008) and TFs implicated in maintenance of epithelial identity in other tumor types, such as GRHL2 (De Craene & Berx, 2013) . This analysis also retrieved ELF3 and FOXQ1, which are both part of the gene signature that defines the classical PDAC subtype (Collisson et al, 2011) (Fig 1B) . Lo-G PDACs selectively expressed KLF5 (Fig 1B  and C) , a TF involved in terminal differentiation of epithelia of endodermal origin, where it is also required to maintain the expression of ELF3 (Bell et al, 2011 (Bell et al, , 2013 . The higher expression of some interferon regulatory factors (IRF1 and 9) in Lo-G PDACs may relate to the IFN response gene signatures detected in these cell lines (Table EV1 and Appendix Fig S1B) and is consistent with the observation that IRF1 expression in human PDACs correlates with tumor differentiation and better prognosis (Sakai et al, 2014) .
Among the 22 TFs selectively expressed in the Hi-G cell lines, ZEB1 stands out as one of the best-characterized inducers of the epithelial-to-mesenchymal transition (EMT) (De Craene & Berx, 2013 ). Finally, it should be noted that some TFs involved in pancreas differentiation, such as GATA6 (Lango Allen et al, 2012; Martinelli et al, 2013) and PBX1 (Dutta et al, 2001) , or expressed in early-to-intermediate stage pancreatic cancers, such as HNF4A (Kim et al, 2013) , were also preferentially expressed in Lo-G PDACs, but fell just below our cutoff. A representative panel of Western blots is shown in Fig 1D. We next determined whether we could confirm a grade-specific expression of the TFs identified in our RNA-seq analysis also in primary human PDACs. As discussed above, human PDACs contain histologically heterogeneous areas embedded in a very abundant stroma (accounting for up to 90-95% of the tumor mass). Therefore, we used immunohistochemistry (IHC) to determine TF expression in areas of different grade belonging to the same tumor. A Correlation matrix of Pearson correlation coefficients for RNA-seq data obtained from multiple PDAC cell lines (two biological replicates for each of the nine cell lines were used). The matrix was hierarchically clustered. The relationship with grade is shown. Source data were deposited in GEO. B Heatmap showing TFs differentially expressed in Lo-G and Hi-G PDAC cell lines. Differentially expressed genes were identified based on a log 2 (fold change) ≥ AE1 and an FDR ≤ 0.1. Hierarchical clustering was based on Pearson correlation coefficients. C Representative RNA-seq snapshots. D Western blots for selected TFs. One experiment out of three independent biological replicates is shown. E IHC showing TF staining in G1 and G3 areas from human PDACs. The areas in the insets are shown at 4× higher magnification in the panels below. Data from two
representative patients out of nine tested are shown. Figure 1E shows representative examples referring to those TFs for which we obtained IHC-grade antibodies. Consistent with the data in cell lines (Fig 1B) , ELF3, HNF1B, FOS, and JUNB showed high expression in low-grade and low-to-undetectable expression in highgrade areas; conversely, ZEB1, GATA2, ETV5, and TCF12 showed an opposite behavior, indicating that PDAC cell lines retain-at least in part-the essential transcriptional properties of primary human PDACs.
Chromatin profiling reveals a grade-specific usage of the cis-regulatory information
The data shown above suggest a possible contribution of differentially expressed TFs to the gene expression programs specific to low-and high-grade PDACs. Specifically, differential expression of TFs may lead to a grade-specific usage of the genomic repertoire of cis-regulatory elements. To address this possibility, we used ChIP-seq to profile selected chromatin marks (Kouzarides, 2007) , namely histone H3 lysine 4 monomethylation (H3K4me1), a mark associated with both poised and active enhancers (Heintzman et al, 2007) ; H3K27Ac, which selectively marks active promoters and enhancers (Creyghton et al, 2010; Rada-Iglesias et al, 2010; Ostuni et al, 2013) ; H3K4me3, which is associated with active and poised transcription start sites (Bernstein et al, 2005; Kim et al, 2005) ; and H3K9me3, which marks inactive chromatin, including heterochromatin (Mikkelsen et al, 2007) . By identifying epigenomic patterns that are common to cell lines of one subtype but different from those of the other, specificities of individual cells lines (such as cell line-specific mutations and copy number variations) are averaged, thus allowing the identification of commonalities in the usage of the cis-regulatory information that underlie transcriptional programs associated with low-and high-grade PDACs. We centered our initial analysis on H3K27Ac, as this mark is informative of the activity state of both promoters and enhancers. Based on the H3K27Ac profiles, Lo-G and Hi-G PDAC cell lines clustered separately (Fig 2A) , indicating that their distinct transcriptional profiles were associated with a different usage of the genomic cis-regulatory information. We next classified acetylated peaks based on their detection in the low-and/or the high-grade PDAC cell lines ( Fig 2B and Table EV3 ). A total of 10,860 acetylated peaks were detected in all the cell lines ("common" peaks, shown in purple); 4,666 were specific to the Lo-G PDACs (gray) and 1,050 of the Hi-G group (red). A large number of acetylated peaks (indicated in yellow) were present in different subsets of the cell lines analyzed and therefore were not included in this classification scheme. Importantly, almost 75% of the common peaks were associated with gene promoters. Conversely, the overwhelming majority of grade-specific H3K27Ac peaks was distal from the transcriptional start sites (TSSs) and therefore represented putative enhancers (Fig 2C) . Grade-specific enhancers were generally closer to genes expressed in the corresponding PDAC grade (Fig 2D) , suggesting that they may directly contribute to the activation of genes located within the same regulatory domain. We also analyzed enhancer clusters (or super-enhancers, SE), namely large genomic regions characterized by an unusually high density of regulatory elements (Whyte et al, 2013) and often dedicated to the regulation of only one adjacent gene (Dowen et al, 2014) . We defined as SE the genomic regions derived from the merge of multiple acetylated enhancers distant less than 12.5 kb from each other (see Discussion in Pott & Lieb, 2015) . While only 12 SE were specific to Hi-G PDACs, 50 were selectively identified in Lo-G PDACs and were often associated with genes encoding TFs selectively expressed in these cells such as KLF5 and PBX1 (Appendix Fig S2 and Table EV4 ). Overall, most of the cis-regulatory variation between PDAC subtypes resided at enhancers.
The heatmaps in Fig 2E show the relationship between histone modifications at the differentially acetylated regions. TSS-distal acetylated regions specific to Lo-G PDACs were also associated with H3K4me1 levels higher than those observed in Hi-G PDACs (Fig 2E,  top panel) . The same regions were instead associated with higher levels of the repressive H3K9me3 mark in Hi-G PDACs. The reciprocal trend was observable at the TSS-distal acetylated regions specific to Hi-G PDACs (Fig 2E, bottom panel) , although the differences in H3K4me1 and H3K9me3 were less evident.
When considering TSSs/promoters, peaks selectively acetylated in Lo-G PDAC cells were associated with levels of H3K4me3 higher than those measured in Hi-G cells (Fig 2F) . Conversely, Hi-G-specific acetylation at TSS was associated with only a minor gain in H3K4me3. A representative snapshot is shown in Fig 2G. To gain insight into the transcriptional responses controlled by enhancers selectively acetylated in low-vs. high-grade PDACs, we used the GREAT tool (McLean et al, 2010) . GREAT links sets of enhancers to putative biological functions based on the functional annotations of the nearby genes, with a score that takes into consideration the enhancer-gene distance and therefore the likelihood of correct assignment. Enhancers specific to Lo-G PDACs were enriched for functional terms related to endoderm and epithelial development, as well as with some endodermal cancers, a result Giuseppe R Diaferia et al Transcriptional control of PDAC grade The EMBO Journal consistent with the possibility that these differentially active elements contribute to grade-specific gene expression (Table EV5) . Functional terms retrieved using high-grade-specific enhancers were more heterogeneous and less informative, which may reflect the less differentiated state of these cells but also, more trivially, the lower abundance of the enhancers in this set, which reduces the statistical power of the analysis. Overall, a large set of enhancers associated with epithelial-and specifically endodermal-genes is selectively active in low-grade PDACs and may thus contribute to maintain their characteristic gene expression profile and their functional properties.
TF binding sites associated with grade-specific enhancers
To identify the TFs that control deposition and activity of gradespecific enhancers, we determined the TF consensus DNA binding sites (described by position weight matrixes, PWMs) that are statistically overrepresented in each set (Zambelli et al, 2009 ). Specifically, we compared the acetylated enhancers of Lo-G and Hi-G PDACs with each other and also with the FANTOM5 collection of human enhancers active in different tissues (Andersson et al, 2014) . Only PWMs that were enriched in both comparisons were retained. Moreover, we tested whether the consensus DNA binding sites of the TFs overexpressed in low-or high-grade PDACs (Fig 1) were also overrepresented in the corresponding set of enhancers.
The upper part of Fig 3 shows the PWMs statistically overrepresented in this analysis (P-values ≤ 10E-5 in both comparisons) and the cognate TF families. This analysis retrieved the PWMs for many of the TFs overexpressed in low-grade PDACs, including ELF3 and FOXQ1, two TFs also included in the classical PDAC gene signature (Collisson et al, 2011) ; FOXA and HNF1 TFs, which are involved in pancreatic development (Gittes, 2009 ); IRF family TFs, which may be responsible for the interferon signature observed in these tumor cell lines (Table EV1 ). The same set was enriched in PWMs for other TFs contributing to pancreatic development such as GATA6 and HNF4A (Gittes, 2009; Lango Allen et al, 2012; Martinelli et al, 2013) , which-as discussed abovefell just below the threshold we applied to call TFs as expressed in a grade-specific manner.
Conversely, the PWMs of some TFs overexpressed in Lo-G PDACs, such as KLF5, FOS, and JUNB, were not statistically overrepresented and are shown in the lower part of Fig 3. This unexpected result can be explained by the high frequency of the KLF and FOS/AP-1 DNA binding sites in the sequence sets used as background in the overrepresentation analysis (Fig 3) . For instance, KLF sites were present in 64.8% of Lo-G-specific enhancers but also in 68.1% of Hi-G-specific enhancers. Since different KLF family members recognize very similar consensus DNA binding sites, it is likely that the many KLF sites associated with Hi-Gspecific enhancers are recognized by KLF family TFs other than KLF5.
Finally, the PWM of ZEB1, which is selectively expressed in Hi-G PDACs and is a master regulator of the epithelial-to-mesenchymal transition, was also overrepresented at enhancers specific to Lo-G PDACs, which may seem counterintuitive. However, this result is in line with the notion that ZEB1 acts mainly as a transcriptional repressor (De Craene & Berx, 2013), therefore, lack of ZEB1-mediated repression in Lo-G PDACs would result in increased acetylation at its target sites.
The full list of PWMs used in this analysis and their associated statistical values and frequencies at Lo-G and Hi-G enhancers are available in Table EV6 .
TF binding to enhancers of low-grade PDAC cells
We next determined in the enhancers specific to low-grade PDACs, the frequency of the consensus DNA binding sites for those TFs overexpressed in the same cells (Fig 4A) . KLF and ELF consensus DNA binding sites were the most common ones, followed by consensus binding sites for TFs of the JUN/AP-1, FOXA, and IRF families; consensus binding sites for HNF1A/B and GATA family members were less numerous albeit detectable in a sizeable fraction of these enhancers.
We used ChIP-seq to profile in a Lo-G PDAC cell line (CFPAC-1) a panel of differentially expressed TFs for which we obtained ChIP-grade antibodies, namely KLF5, IRF1, HNF1B, ELF3, and FOXA1. Two representative snapshots ( Fig 4B) show extensive cobinding of these TFs to the keratin gene cluster on chromosome 17 (left) and to the CEACAM6 gene (right), which is part of the classical PDAC signature. The genomic distribution of these TFs (Appendix Fig S3A and Table EV7 ) indicated a strong preference for genomic regions that were selectively acetylated in Lo-G PDAC cell lines.
In keeping with the specificity of the antibodies used, de novo motif discovery analyses retrieved binding sites similar to those previously reported for each of the TFs under study, with the notable exception of IRF1 which was associated with a canonical AP-1 site instead (Appendix Fig S3B) . This result was not unexpected, since in other cellular systems, IRF family members are recruited to chromatin in complexes with AP-1 proteins through either canonical AP-1 binding sites (Li et al, 2012) or composite API-1/IRF sites (Glasmacher et al, 2012; Mancino et al, 2015) . The same analyses also retrieved binding sites for other TFs that were likely cobound at the same regulatory regions contacted by the immunoprecipitated TF (Appendix Fig S3B) . For instance, the FOXA1-bound regions were enriched for ELF3, AP-1, and KLF5 DNA binding sites; the IRF1-bound regions, in addition to AP-1 sites, contained binding sites for ELF3 and KLF5; and the KLF5-bound regions were associated with binding sites for ELF3, AP-1, and FOX family TFs. Consistent with this de novo motif discovery analysis, a TF binding motif overrepresentation analysis corroborated the existence of a network of TFs acting at the enhancers of Lo-G PDACs (Appendix Fig S3C) . For instance, the IRF1-bound regions, in addition to AP-1 sites, contained binding sites for ELF3 and KLF5, while AP-1, HNF1B, and FOXA1 sites were overrepresented in the ELF3 ChIP-seq. Binding sites for other TFs that are overexpressed in Lo-G PDACs were also frequently overrepresented.
The matrix representation in Fig 4C provides a synthetic view of the overlap between the TFs analyzed by ChIP at the enhancers specific to the Lo-G PDACs and indicates the high frequency of the combination of the five TFs analyzed. Figure 4D shows the distance of the summits of TF peaks from the center of the acetylated regions specific to Lo-G PDACs and indicates the tendency of these TFs to bind close to enhancer cores. The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al
KLF5 as a candidate regulator of the epithelial program in low-grade PDACs
The motivation to further investigate KLF5 came from several considerations: First, it was one of the most highly and selectively overexpressed TFs in the low-grade PDAC cells (Fig 1) ; second, its binding site was pervasively detected in the enhancer set specific to this PDAC subtype ( Fig 4A) ; third, KLF5 is required for terminal differentiation of several endoderm-derived epithelia (Wan et al, 2008; Bell et al, 2011 Bell et al, , 2013 McConnell et al, 2011) , suggesting that it may contribute to the transcriptional output of well-differentiated PDACs as well. The cumulative distributions (Fig 4E, top) of KLF5 ChIP-seq peaks confirmed that KLF5 was preferentially associated with candidate enhancers selectively acetylated and monomethylated at H3K4 in the low-grade PDAC cell lines. Specifically, of the 4,140 enhancers specific to Lo-G PDACs, those bound by KLF5 were 2,691 (65%) using as threshold a MACS score of 100 and 3,298 (79.7%) using a score of 50. Conversely, the promoters bound by KLF5 had a similar profile of histone acetylation and methylation in the two PDAC subtypes (Fig 4E, bottom) , although clearly this observation does not rule out a role of KLF5 at promoters. Moreover, KLF5 binding to low-grade-specific enhancers was significantly higher than that to enhancers shared by low-and high-grade PDAC cell lines (Fig 4F) .
Many of the genes that specify epithelial identity were associated with prominent KLF5 binding, as exemplified by the junctional plakoglobin (JUP, encoding a desmosome component) and ELF3 genes (Table EV7) . Consistently, a GREAT analysis on the KLF5-bound regions retrieved categories related to cellular adhesion and epithelial differentiation, as well as to various cancers of endodermal origin (Table EV5) .
These data motivated us to accurately determine whether KLF5 expression in human PDACs correlates with their degree of epithelial differentiation. We first used immunohistochemistry to analyze KLF5 expression in a small panel of patients for which we obtained histological sections containing areas representative of all three tumor grades. A strong KLF5 immunoreactivity was detected in tumor areas with evident duct-like structures (Fig 5A) . Glandular epithelia containing mucin-producing neoplastic cells with pale cytoplasms and basally located round-to-ovoid nuclei-typical of low-grade tumors (G1)-displayed the strongest signal, while KLF5-expressing cells were less frequent and showed overall weaker signals in G2 areas (characterized by large duct-like structures embedded in desmoplastic stroma and showing nuclear crowding and loss of polarity). Finally, KLF5 expression was almost completely absent in the small pleomorphic cell nests with little or no mucin production and marked nuclear polymorphism that represent G3 areas. As control, upon subcutaneous injection in nude mice the Lo-G PDAC cell line CFPAC-1 generated a moderately differentiated tumor with strong KLF5 expression; in contrast, the Hi-G PDAC cell line MiaPaCa-2, that generated poorly differentiated and densely packed cell sheets and nests, did not show any KLF5 immunoreactivity, thus confirming the specificity of the staining.
We next extended this analysis using tissue microarrays (TMA) containing 77 tumors areas from 45 patients and representing the three tumor grades. Consistent with the results above, data from automatically acquired and quantified images (Fig 5B) showed a strong and statistically significant correlation of KLF5 staining with low-grade tumor areas. Representative areas from the TMA are shown in Fig 5C. Finally, we asked at what stage of pancreatic carcinogenesis KLF5 expression is upregulated. Therefore, we analyzed KLF5 expression in areas of acinar-to-ductal metaplasia (ADM) and pancreatic intraepithelial neoplasia (PanIN) (Reichert & Rustgi, 2011) . ADM is the consequence of the transdifferentiation of acinar cells into ductal cells and is considered an early event in pancreatic carcinogenesis, while PanINs (which can arise from ADMs) are intraepithelial neoplastic lesions that can be divided into three different grades (I-III) of increasing histological severity (Takaori et al, 2004; Reichert & Rustgi, 2011) . Both ADM and PanINs are induced by activating mutations in KRAS, which represent the earliest and most common genetic lesions in PDACs (Hezel et al, 2006) . KLF5 expression was detected in early ADMs and throughout all PanIN grades, with a reduction in the transition from PanIN-2 to PanIN-3 (Fig 5D) .
Overall, these data tentatively link KLF5 to maintenance of differentiation and epithelial identity in pancreatic pre-neoplastic lesions and PDACs and indirectly suggest that loss of KLF5 expression may contribute to histological grade progression of human PDACs. Therefore, we undertook a genetic approach to directly address its role in the maintenance of the epigenome and transcriptional program of low-grade PDAC cells.
KLF5 contributes to control the epithelial program in PDACs
To determine the role of KLF5 in maintaining the transcriptional output of low-grade PDACs, we generated knockout clones using ◀ Figure 4 . Identifying TFs acting at subtype-specific enhancers.
A Consensus DNA binding sites for the TFs overexpressed in Lo-G PDACs at enhancers specific to the same cell lines were detected using FIMO (Grant et al, 2011) (P-value ≤ 2E-4). The orange dot indicates DNA binding sites overrepresented relative to Hi-G-specific enhancers (as determined by Pscan using as threshold P ≤ 1E-5, see Materials and Methods). B ChIP-seq snapshots from the low-grade CFPAC-1 cell line showing histone modifications, RNA-seq data, and the recruitment of the five TFs analyzed to two representative genomic regions containing differentially expressed genes (KRT23, left The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al CRISPR/Cas9-mediated genome editing in the CFPAC-1 cell line (Appendix Fig S4A) . KLF5-KO cells grew slower and in a more dispersed fashion compared to their wild-type counterpart and generated smaller tumors in vivo (Appendix Fig S4B and C) . To measure differential gene expression between KLF5-KO and control clones, we carried out a pairwise comparison of their transcriptomes. Using a log 2 (fold change) ≥ 1 and an FDR ≤ 0.1, we found 2,343 differentially expressed genes, with 1,221 up-and 1,122 downregulated genes in the KLF5-KO clones (Fig 6A; the complete list of genes is reported in Table EV8 ). Of the 689 genes specific to the Lo-G PDACs in our dataset (Appendix Fig S1 and Table EV2 ), 113 (16.4%) were downregulated in KLF5-KO cells. Finally, when considering the 24 genes that define the classical PDAC signature (Collisson et al, 2011) , 7 of them (highlighted in green in Fig 6A) were downregulated in a statistically significant manner in KLF5-KO clones.
A gene ontology (GO) analysis of differentially expressed genes is shown in Fig 6B. Top-ranking categories were related to: (i) cell cycle, DNA replication and repair, which is consistent with the slower growth of these cells (Appendix Fig S4) and may be in part explained by the reduced expression of WNT10A, a direct KLF5 target (Appendix Fig S4D and Table EV8 ), (ii) cell adhesion, migration and organization of the extracellular matrix, and (iii) inflammatory response. The full list of enrichments is reported in Table EV9 .
KLF5-dependent genes included many "epithelial identity genes", such as: (i) most of the keratin genes expressed in PDACs and particularly all those in the large chromosome 12 cluster (Appendix Fig S4E) , (ii) focal adhesion genes (such as FERMT1, encoding kindlin-1, LCK, and FYN, which encode Src family kinases), (iii) CEACAM genes, which are biomarkers of PDACs and other epithelial tumors (Beauchemin & Arabzadeh, 2013) , (iv) genes encoding gap junction proteins (connexins) such as GJB3, GJB4, and GJB5, (v) mucins (MUC4 and MUC1), (vi) genes encoding TFs specific to classical PDACs (and part of their characteristic signature) (Collisson et al, 2011) such as ELF3 and FOXQ1.
Conversely, genes upregulated in KLF5-KO cells included: (i) genes associated with EMT such as those encoding fibronectin 1 (FN1), vimentin (Vim), N-cadherin (Cdh2) and lysyl oxidase (LOX), and (ii) genes preferentially expressed in PDAC cancer stem cells (Hermann et al, 2007; Li et al, 2007) such as CD44, PROM1 (encoding CD133) and SHH (encoding sonic hedgehog). Some of the genes mentioned are highlighted in the volcano plot in Fig 6A. Instead, other genes that impact on the adhesive properties of epithelial tumors and are typically downregulated in EMT (De Craene & Berx, 2013) , notably CGN (encoding cingulin, a component of tight junctions) and JUP (encoding plakoglobin, a desmosome component), were less dramatically (albeit significantly) reduced in KLF5-KO cells. CDH1 (encoding E-cadherin) was only mildly affected by KLF5 loss in vitro. The proliferation defect as well as the morphological and the gene expression changes was reversed by the reexpression of KLF5 in the KO clones (Appendix Fig S5) .
We next analyzed the impact of KLF5 loss on the CFPAC-1 epigenome. A total of 6,391 H3K27Ac peaks were affected by KLF5 loss (Table EV10) , with 88.7% of acetylation changes occurring at TSS-distal regions that represent candidate enhancers (Fig 6C and  D) . Although hyperacetylated distal peaks (n = 3,264) in KLF5-KO cells were more frequent than the hypoacetylated ones (n = 2,406), they likely represented indirect effects of KLF5 loss, as indicated by their preferential occurrence at regions with no or low KLF5 binding (Fig 6E) . Conversely, loss of acetylation occurred preferentially at regions strongly bound by KLF5 (Fig 6E) .
When considering the 4,140 enhancers specific to Lo-G PDACs, KLF5 deletion resulted in reduced acetylation at 934 (22.5%) of them (MACS score ≥ 50). Enhancer hypoacetylation was associated with reduced transcription of the closest expressed gene in 57% of cases, thus indicating that reduced acetylation correlates with the transcriptional outcome (Table EV8) . A GREAT analysis on the hypoacetylated regions (Table EV5 ) retrieved terms related to various endodermal cancers, inflammation, metabolism as well as epithelial differentiation.
We also analyzed changes in H3K4me1 due to KLF5 loss. A total of 4,122 H3K4me1 peaks were hypomethylated in KLF5 KO cells (Fig 6C) , and 93.4% of them were putative enhancers. By crossing the H3K27Ac and the H3K4me1 data, we found that 39.3% of the hypoacetylated enhancers also showed reduced H3K4me1 levels.
In Fig 6F, we show two snapshots representative of our main findings. In the upper panel, loss of MUC4 gene expression is associated with reduced H3K27Ac and, to a lesser extent, H3K4me1 across a large regulatory domain. In the bottom panel, it is shown the upregulation of the VIM gene, encoding the mesenchymal marker vimentin, which is associated with a gain in H3K27Ac at the KLF5-bound promoter. Since VIM is a direct KLF5 target, it may represent an unusual case of direct repression by KLF5.
Finally, we analyzed the impact of KLF5 loss on the maintenance of epithelial properties of low-grade PDACs in vivo. Specifically, we The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al compared the ability of wild-type and KLF5-deleted CFPAC-1 cells to give rise to organized and well-differentiated epithelia in xenografts.
Wild-type CFPAC-1 cells generated differentiated tubular structures that were positive for mucins, CEACAMs, and E-cadherin (Fig 6G) . Instead, KLF5-deleted cells lost the expression of those canonical epithelial markers and formed compact cell nests without any obvious lumen that were similar to those generated by the quasimesenchymal cell line MiaPaCa-2. Interestingly, while the effects of KLF5 loss on CDH1 expression in vitro were of limited magnitude, they were apparently much stronger in vivo, indicating that in the context of the tumor tissue KLF5 greatly impacts E-cadherin expression.
Overall, these data indicate that KLF5 acts as a transcriptional activator contributing to control the epithelial gene expression program of low-grade PDACs.
KLF5 requirement for recruitment of other Lo-G-specific TFs to cis-regulatory elements
The effects of KLF5 loss on the CFPAC-1 epigenome (Fig 6C-E) prompted us to determine whether it is required for the genomic recruitment of other Lo-G-specific TFs. We analyzed the ELF3 and FOXA1 ChIP-seq profiles in control and KLF5-KO clones. KLF5 loss selectively affected a subset of ELF3 and FOXA1 peaks. Specifically, 2,986/51,835 (5.7%) ELF3 peaks and 3,343/46,651 (7.2%) FOXA1 peaks were significantly reduced in KLF5-deficient cells (Fig 7A and B and Table EV11) . A motif overrepresentation analysis on the unaffected and the reduced ELF3 and FOXA1 peaks indicated fundamental differences in the underlying DNA sequences (Appendix Fig S6 and Table EV12 ). At regions where FOXA1 and ELF3 binding was dependent on KLF5, the most enriched PWMs matched KLF motifs, while at regions where binding was KLF5-independent, ELF and FOXA PWMs were retrieved. Moreover, the genomic regions hypoacetylated in KLF5-KO cells (Table EV10) showed strongly reduced ELF3 and FOXA1 binding in KLF5-KO cells (Fig 7C) . ELF3 and FOXA1 binding was also reduced at classical PDAC signature genes (Appendix Fig S7) . These data suggest that KLF5 tethers ELF3 and FOXA1 to a subset of enhancers and that the combined loss of recruitment of these TFs contributes to reduction of acetylation. Importantly, although many genomic regions showed increases in ELF3 and FOXA1 recruitment in KLF5-KO cells (orange dots in Fig 7A and B Giuseppe R Diaferia et al Transcriptional control of PDAC grade The EMBO Journal (Fig 7D) , hinting at indirect effects of KLF5 deficiency. Two representative snapshots are shown in Fig 7E. KLF family TFs share highly similar DNA binding specificities and several of them are coexpressed in PDAC cell lines irrespective of their grade. Therefore, we asked whether the genomic distribution of KLF5 differs from that of non-grade-specific KLF family members (KLF4 and KLF6). In spite of the different efficiency of individual antibodies, ChIP-seq data indicated largely overlapping genomic distributions of KLF5, KLF4, and KLF6 (Fig 7F and  Table EV13 ). Also when restricting this analysis to the regions that lost acetylation in KLF5-KO cells (Fig 6C-E) , 81.8% of them were non-selectively bound by all three KLF TFs. Overall, the specific requirement for KLF5 in Lo-G PDAC cells did not depend on its unique DNA binding properties, but rather on its ability to interact with, and recruit to, selected genomic regions a group of partner TFs.
Integrated control of the PDAC epithelial program by multiple transcriptional regulators
The observation that some classical epithelial identity genes were not affected by KLF5 loss prompted us to compare the effects of KLF5 deletion with those generated by modulating the expression of validated positive or negative regulators of the epithelial program (De Craene & Berx, 2013) .
ELF3 has been linked to epithelial differentiation and renewal in normal tissues (Ng et al, 2002; Oliver et al, 2011) and in various cancers (De Craene & Berx, 2013) . It is a component of the gene signature characteristic of classical PDACs (Collisson et al, 2011) and is extensively associated with the enhancer repertoire characteristic of Lo-G PDACs (Fig 4) . Nevertheless, the overall transcriptional impact of ELF3 deletion in CFPAC-1 cells (generated by genome editing, Appendix Fig S4) was milder than that of KLF5, both in terms of number of affected genes and magnitude of the effects (Fig 8A and B and Table EV8 ). Deregulated genes were included in functional categories only partially overlapping those affected by KLF5 loss, such as motility and proliferation (Fig 8C) . Moreover, we did not detect obvious morphological changes or proliferation defects in ELF3 KO clones compared to control cells (data not shown).
Among the genes related to epithelial identity, ELF3 shared with KLF5 the control of some mucins, kallikreins, and several keratin genes, although the effects of ELF3 deletion on the mRNAs of these genes were in general more limited and of lower magnitude than those of KLF5 loss (Table EV8) . Moreover, ELF3 loss did not have any obvious effects on the genes mentioned above that encode components of focal adhesions, gap junctions, and tight junctions (Table EV8 ). An example of a discordantly regulated gene (LCK, encoding a Src family protein kinase) bound by both TFs is provided in Appendix Fig S4F. Consistent with transcriptomic data, also the effects of ELF3 loss on the CFPAC1 epigenome were milder than those caused by the KLF5 deletion. ELF3-KO and control cells shared more than 45,000 H3K27Ac peaks but, remarkably, they differed by only about 200 peaks (119 hypoacetylated peaks and 91 hyperacetylated peaks in the ELF3-KO cells) (Fig 8D, left) . Similarly, only 138 H3K4me1 peaks were hypo-and 50 hypermethylated in ELF3-KO cells compared to their control clones (Fig 8D, right) .
ZEB1 is expressed at higher levels in high-grade PDACs and is a well-characterized suppressor of epithelial differentiation, acting at least in part by repressing the expression of tight junction proteins such as CDH1 (De Craene & Berx, 2013) . To directly address how ZEB1 controls the expression of epithelial genes in PDACs, we overexpressed it in the low-grade CFPAC-1 cells (Appendix Fig  S8A) . ZEB1 expression was associated with morphological changes consistent with a transition toward a mesenchymal phenotype (Appendix Fig S8B) . An RNA-seq analysis on these cells showed comparatively limited changes in mRNA profiles with 128 downregulated and 127 upregulated genes (log 2 FC ≥ AE1, FDR ≤ 0.1) showing only a partial overlap with those affected by KLF5 or ELF3 loss (Fig 8A and E, and Table EV8 ). Some notable genes are indicated in the volcano plot in Fig 8E. Genes concordantly downregulated by ZEB1 overexpression and KLF5 loss included several keratin genes, mucins, and GRHL2, a TF that antagonizes the mesenchymal transition (Cieply et al, 2012) , and is selectively expressed in low-grade PDACs (Table EV2 ). However, many others that were repressed by ZEB1 (notably CLDN4 and CLDN7, encoding tight junction proteins) did not require KLF5 (Fig 8E and  Table EV8 ), as shown in the representative snapshot in Fig 8F. Differentially expressed genes were enriched in functional categories consistent with the ability of ZEB1 to drive a mesenchymal transition (Fig 8G) .
A large number of candidate enhancers active in low-grade PDACs are not acetylated or marked by H3K4me1 in high-grade PDACs (Fig 2) . Therefore, one possibility is that ZEB1 inhibits the epithelial program by binding and repressing enhancers specifically active in low-grade PDACs. If this model is correct, ZEB1 peaks should be enriched at genomic regions that are not acetylated in high-grade PDACs and instead acetylated in low-grade PDACs. To address this possibility, we profiled ZEB1 genomic occupancy by ChIP-seq in the high-grade cell line PANC1. ZEB1 showed a comparatively limited number of genomic binding sites (5,063) that in 56% of cases were distant from mapped TSS, thus representing putative enhancers. In contrast with a direct enhancer repression model, however, TSS-distal ZEB1 peaks corresponded to genomic regions that were not highly acetylated in low-grade PDACs (Fig 9A) . The specificity of the observed signals is indicated by a de novo motif analysis that retrieved three degenerate PWMs all containing the known core ZEB1 binding site (Fig 9B) . Moreover, the ZEB1 PWM was also the most statistically overrepresented motif in this dataset. The snapshots in Fig 9C provide representative examples, including a prominent ZEB1 peak in the genomic region containing the MIR-200 cluster (left), a validated ZEB1 target (Park et al, 2008) and a peak just downstream of the ADAM8 gene.
Discussion
In this study, we integrated different layers of analyses to determine the transcriptional bases that underlie the existence of PDACs retaining a well-differentiated epithelial phenotype and PDACs with an almost complete loss of the ability to generate organized glandular epithelia.
The main findings of this study can be summarized as follows. First, we identified a set of genomic cis-regulatory elements that were selectively acetylated in differentiated, low-grade PDACs. The The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al partial loss of epithelial identity in high-grade PDAC cells was associated with the loss of acetylation at such enhancers; instead, the de novo acquisition of enhancers specific to poorly differentiated PDACs was a rather uncommon event. Second, we identified a cognate panel of TFs acting on such enhancers specific to low-grade PDACs and controlling their activity. Among them, the TF KLF5 was selectively expressed in low-grade human PDACs and was required for the maintenance of transcriptional and epigenomic features that Regarding the first group of findings, it is important to consider that in addition to the impact of differentially expressed TFs, the biology of enhancers in PDACs may have additional layers of complications. Specifically, mutations in genes encoding transcriptional coregulators with a defined role in enhancer biology such as MLL3-which catalyzes the deposition of H3K4me1 at enhancers (Herz et al, 2012 )-frequently occur in human PDACs (Biankin et al, 2012) as well as in other cancers (Smith & Shilatifard, 2014) . Therefore, alterations of the enhancer landscape (and the ensuing transcriptional effects) may arise not only from differential TF expression or activity, but also because of alterations of the general machinery controlling the deposition of histone modifications.
KLF5 stood out among the TFs specific to differentiated PDACs for two main reasons: its high and selective expression in low-grade PDACs and its pervasive association with their specific enhancer repertoire. These observations are consistent with the demonstrated role of KLF5 in the terminal differentiation and homeostasis of epithelia of endodermal origin (including lung epithelium, urothelium, and intestinal epitelium) (Wan et al, 2008; Bell et al, 2011 Bell et al, , 2013 (McConnell et al, 2011; Nandan et al, 2014) . Moreover, a recent systems-level study based on the transcriptomic analysis of highly purified cell populations from embryonic and postnatal mouse pancreas identified KLF5 and other TFs, retrieved from our analysis as specific to low-grade PDACs, as predicted regulators of pancreatic development (Benitez et al, 2014) . Finally, a GWAS study retrieved a SNP associated with pancreatic cancer risk in the chromosome 13 intergenic region located between KLF5 and KLF12 (Petersen et al, 2010) and contained in the KLF5-associated superenhancer we identified.
Reducing or abrogating KLF5 expression in low-grade PDACs resulted in decreased proliferation, downregulation of a broad panel of genes whose products impact epithelial identity (such as keratins, mucins, and E-cadherin) and instead upregulation of pancreatic cancer stem cell (CD44, PROM1, and SHH) (Li et al, 2007) and mesenchymal genes (FN1, VIM, and CDH2) which is consistent both with the reduced proliferative ability of cancer stem cells and with the known relationship between EMT and acquisition of cancer stem cell properties (Mani et al, 2008) . Along the same line, quasi-mesenchymal, high-grade PDACs were shown to lose the addiction to K-Ras that instead characterizes epithelial The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al PDACs (Singh et al, 2009) ; some of the genes that were shown as critically required for survival of K-Ras-addicted epithelial PDACs, notably SYK and MST1R (encoding the RON kinase), were dependent on KLF5. While data on its expression and role in pancreatic development are not available, KLF5 was not clearly detectable in the normal human adult pancreas. Therefore, a possible scenario is that its expression is reactivated in the pathologically proliferating preneoplastic and neoplastic exocrine epithelium where it may work to coordinate active proliferation with maintenance of the epithelial identity of proliferating cells. In this context, it is remarkable that the expression of KLF5 in a large panel of human PDACs displayed a strong and statistically significant correlation with tumor grade, being the highest in G1, still detectable in G2 and almost completely absent in G3 areas.
The interplay between KLF5 and other grade-specific TFs in the control of the transcriptional output of differentiated PDACs remains to be determined. In addition to ELF3, another TF reported to control epithelial identity in tumors (De Craene & Berx, 2013) and that is activated by KLF5 also in normal development (Bell et al, 2011 (Bell et al, , 2013 ), a few other TFs specific to low-grade PDACs (such as FOXQ1 and GRHL2) were downregulated upon KLF5 loss. These data suggest that KLF5 does not have an apical position in the transcriptional network that controls PDAC epithelial identity, but that conversely it may act as a direct activator of grade-specific enhancers. Reduced KLF5 expression during PDAC progression may reflect either a change in the upstream transcriptional regulatory circuits that maintain KLF5 expression in differentiated PDACs or the emergence of more aggressive subclones lacking KLF5 expression from the onset. Defining the identity of the TFs controlling KLF5 regulation in normal and tumoral pancreas will thus be crucial to deconstruct the regulatory network controlling epithelial identity of PDACs.
An important issue that is also highlighted by our findings is the complementarity and division of labor among the TFs that control the epithelial identity of PDACs. The maintenance of the properties characteristic of epithelia (in epithelial tumors just like in normal tissues) is in fact a highly integrated task that requires the expression of numerous sets of genes controlling distinct epithelial features (from keratin genes that impact mechanical properties of epithelial cells, to genes encoding junctional proteins and even metabolic regulators). On the one hand, our data indicate a broad role of KLF5 in maintaining the expression of many epithelial identity genes; on the other hand, they also imply that additional TFs, such as ELF3, which control largely distinct sets of epithelial genes, must complement its activities. For instance, when considering proteins of the epithelial cell surface, KLF5 appeared to be only marginally involved in the activation of various junctional protein genes such as claudins, but it was absolutely required for the regulation of several mucins and connexins. Along the same line, when comparing the effects of KLF5 and ELF3 loss with those of ZEB1 overexpression, an obvious complementarity of effects became apparent, as exemplified by the strong inhibition of claudin genes and junctional plakoglobin (JUP) by ZEB1.
In conclusion, this study provides a basic framework for the transcriptional basis of PDAC grading and also suggests a general approach to undermine transcriptional control of differentiation in other types of cancers.
Materials and Methods
Antibodies
The following antibodies were used for ChIP-sequencing experiments: H3K4me1 (ab8895, Abcam), H3K27Ac (ab4729, Abcam), H3K9me3 (ab8898, Abcam), H3K4me3 (#39159, Active Motif); KLF5 (#07-1580, Millipore), ELF3 (HPA003479, Sigma), HNF1B (HPA002083, Sigma), FOXA1 (ab23738, Abcam), ZEB1 (sc-25388, Santa Cruz Biotechnology), IRF1 (sc-640, Santa Cruz Biotechnology), KLF4 (AF3640, R&D), Santa Cruz Biotechnology) . Immunohistochemistry was performed with anti-HNF1B (HPA002083, Sigma), JUNB (sc-8051, Santa Cruz Biotechnology), FOS (HPA018531, Sigma), ZEB1 (sc-25388, Santa Cruz Biotechnology), ETV5 (ab102010, Abcam), GATA2 (ab153820, Abcam), TCF12 (sc-357, Santa Cruz Biotechnology), MUC4 (sc-33654, Santa Cruz Biotechnology), CEACAM6 (ab137859, Abcam), and CDH1 (M3612, Dako). The affinity-purified rabbit polyclonal anti-KLF5 and anti-ELF3 antibodies used for Western blot and immunohistochemistry experiments were generated in-house.
Western blots
CFPAC-1 cells were lysed in RIPA buffer containing protease inhibitors, 1 mM PMSF, 1 mM EDTA, and 1 mM NaF, and 80 lg of clarified cell extracts was resolved on SDS-polyacrylamide gel, blotted onto nitrocellulose membranes, and probed with anti-KLF5 (1 lg/ml), anti-ELF3 (0.5 lg/ml), anti-IRF1 (2 lg/ml), and anti-ZEB1 (2 lg/ml).
Cells, reagents and transfection
The following human PDAC cell lines were used: CFPAC-1 (G1-G2, established from liver metastases, ATCC CRL-1918), CAPAN-1 (G1 from liver metastases, ATCC HTB-79), CAPAN-2 (G1 from primary PDAC, ATCC HTB-80), HPAF-II (G1-G2 from ascites, ATCC CRL-1997), MiaPaCa-2 (G3 from primary tumor, ATCC CRL-1420), PANC-1 (G3 from primary tumor, ATCC CRL-1469), PT45P1 (G3 from primary tumor, obtained from Paola Allavena, Humanitas Research Hospital, Milan), AsPC-1 (G2 from ascites, ATCC CRL-1682), BxPC-3 (G2 from primary tumor, ATCC CRL-1687).
Cells were maintained in IMDM/10% FBS (CFPAC-1), RPMI/ 10% FBS (HPAF-II, PT45P1, AsPC-1), RPMI/15% FBS (CAPAN-2), RPMI/20% FBS (CAPAN-1), DMEM/10% FBS (MiaPaCa-2, PANC-1, BxPC-3). Media were all supplemented with 2 mM L-glutamine. RPMI 1640 and DMEM were provided by Lonza, IMDM by Sigma, and fetal bovine serum (FBS) by Hyclone.~0.5 × 10E6 CFPAC-1 cells were electroporated with 2.5 lg of plasmid DNA using the Neon â Transfection system (Life Technologies) setting the microporator at 1,250 V for 2 pulses of 20 ms each. Cells were seeded in 6-well dishes and cultured for 48 h before further manipulations.
The ZEB1 expression plasmid was generated by subcloning into the BamHI sites of the pCDH-EF1-MCS-BGH-PGK-GFP-T2A-Puro vector, the human full-length cDNA sequence generated by PCR (using the following primers: ZEB1-BamHI_F: Giuseppe R Diaferia et al Transcriptional control of PDAC grade The EMBO Journal GGCTTCATTTGTCT-3 0 ). The construct was verified by Sanger sequencing. Cells electroporated with the ZEB1 construct or empty vector were grown for 5 days in culture medium supplemented with 1.5 lg/ml puromycin before harvesting for RNA and protein isolation.
ChIP-seq and RNA-seq
ChIP-seq and RNA-seq were carried out using previously described protocols (Austenaa et al, 2012) on an Illumina HiSeq2000 platform. 2-5 × 10E6 (histone marks) or 20-40 × 10E6 (TFs) fixed cells were lysed to prepare nuclear extracts. After chromatin shearing by sonication, lysates were incubated overnight at 4°C with protein G Dynabeads (Invitrogen) coupled with 3 lg of anti-histone antibody or 10 lg of anti-TF antibody. After immunoprecipitation, beads were recovered using a magnet and washed; chromatin was eluted and cross-links reverted overnight at 65°C. DNA was either purified with QiaQuick columns (QIAGEN) or solid-phase reversible immobilization (SPRI) beads (Agencourt AMPure XP, Beckman Coulter) and quantified with PicoGreen (Invitrogen). DNA libraries were prepared for HiSeq2000 sequencing as previously described (Ostuni et al, 2013) . Total RNA was extracted from 1-4 × 10E6 cells using 
CRISPR/Cas9 genome editing
Single-guide sequences specific to KLF5 (exon 2) and ELF3 (exon 7, encoding the ETS domain) were designed using the CRISPR design tool (http://tools.genome-engineering.org) (Ran et al, 2013) and cloned into pSpCas9(BB)-2A-GFP (Ran et al, 2013) . The sequences selected (based on the lowest number of predicted off-targets in exons and the highest predicted efficiency were the following ones:
After electroporation, single cells were seeded in 96-well plates by dilution and expanded. Clones were screened using the Surveyor assay (Ran et al, 2013 ) using the following primers:
0 -GGCATTGTGTATGTGCAAGG-3 0 ; ELF3_Surveyor-F:
Positive clones were subjected to Sanger sequencing.
Immunohistochemistry and tissue microarrays
Human PDAC specimens were provided by the Humanitas Clinical Institute (Milan, Italy) with written consent for tissue donation and under a protocol approved by the HCI ethical committee. Human pancreatic cancer tissue microarray slides (PA721 and PA1002a) were obtained from US Biomax, Inc. and contained cores for a total of 45 ductal adenocarcinomas of different pathological grade. Formalin-fixed paraffin-embedded (FFPE) sections were rehydrated and subjected to heat-induced antigen retrieval in EDTA buffer (1 mM EDTA, 0.05% Tween-20, pH 8.0). After blocking, samples were incubated with the following antibodies: anti-KLF5 (2 lg/ml), ELF3 (1 lg/ml), HNF1B (0.25 lg/ml), JUNB (2 lg/ml), FOS (0.25 lg/ml), ZEB1 (1 lg/ml), ETV5 (2 lg/ml), GATA2 (2 lg/ml), TCF12 (0.2 lg/ml), MUC4 (2 lg/ml), CEACAM6 (2 lg/ml), CDH1
(1 lg/ml), or corresponding amount of control IgG and detected with HRP-conjugated anti-rabbit or anti-mouse IgG antibody (Envision, DAKO). Signal was obtained by incubation with diaminobenzidine (DAB chromogen system, DAKO) and nuclei were counterstained with hematoxylin. Images were acquired using an Olympus upright BX51 microscope linked to a Nikon DS-5Mc Color camera. Quantitative image analysis of TMA slides was performed with the publicly available web application ImmunoRatio, http:// jvsmicroscope.uta.fi/immunoratio.
Mouse xenografts
Mouse xenografts were generated and collected in accordance with the Italian laws (D.L.vo 116/92 and following additions), which enforce the EU 86/609 directive, and under the control of the institutional organism for the animal welfare (Cogentech OPBA). Nude mice (n = 4 for each group) were injected with 5 × 10E6 cells (CFPAC-1 control clones, CFPAC-1 KLF5-KO clones, and MiaPaCa-2 cells) resuspended in 100 ll of PBS under the skin of their hind flank. Subcutaneously injected mice were harvested 4 weeks after injection, fixed in 4% paraformaldehyde, and processed for paraffin embedding.
RNA-seq analyses
Read mapping, transcript assembly, and expression analysis After quality filtering according to the Illumina pipeline, 51-bp paired-end reads were mapped to the Homo sapiens genome (assembly hg19), using TopHat (version 2.0.14) . TopHat was run with default parameters except for the mean distance between pairs (-r), which was set to 200 bp and Bowtie 0.12.7. Transcript abundance was reported as fragments per kilobase of transcript sequence per million mapped fragments (FPKM) using Cufflinks (version 2.2.1) (Trapnell et al, 2012) . For subsequent analyses, we considered the information at the level of genes. In particular, Cufflinks was run setting the option upperquartile-norm (which improves sensitivity without loss of specificity The EMBO Journal Transcriptional control of PDAC grade Giuseppe R Diaferia et al for differential expression calls) (Bullard et al, 2010) , -u (which allows a better weighting of the multimapping reads). Genes with an FPKM ≥ 4 in at least one sample were marked as expressed. Tracks for the UCSC genome browser (Fujita et al, 2011) were generated with samtools 0.1.18 and bedtools 2.16.1 (Quinlan & Hall, 2010) using the uniquely aligned reads. Tracks were linearly re-scaled to the same sequencing depth. For all comparisons, the differentially expressed genes (identified using two replicates or more per sample) were identified using Cuffdiff 2.2.1, setting as additional option the model of dispersion per condition (each replicated condition received its own model).
Determination of grade-specific transcripts
We identified two groups of genes (Table EV2) : (i) a set of differentially expressed genes (DEGs) specific to either Lo-G or Hi-G PDAC cell lines by applying a threshold of FPKM value ≥ 4 in at least 6/8 Lo-G or 4/6 Hi-G cell line datasets, FC ≥ 2, and FDR ≤ 0.1, (ii) a set of commonly expressed genes that showed no statistically significant differences, FPKM values ≥ 4 in all samples, and a coefficient of variation ≤ 0.6.
Determination of differentially expressed transcripts in KLF5-KO, ELF3-KO, and ZEB1-OE CFPAC1 cells
The DEGs for each comparison were identified by applying a threshold of FPKM ≥ 4 in all samples of a given group, FC ≥ 2, and FDR ≤ 0.1.
Heatmaps of differentially expressed genes
DEGs were clustered according to their FPKM values. The minimum FPKM value was forced to 0.1 and subjected to log2-transformation. The distribution of values for each gene was then converted to z-scores. Genes were hierarchically clustered using complete linkage and Pearson correlation as measure of distance. R was used to perform hierarchical clustering and to draw the heatmaps.
Gene set enrichment analysis Gene Set Enrichment Analysis (GSEA) (Subramanian et al, 2005) was used to investigate whether a gene set was significantly overrepresented in the transcriptome of either Lo-G or Hi-G PDACs. Transcripts were ranked by the difference of classes (metric for gene ranking) and using the following settings: number of permutations = 1,000, permutation type = gene set, chip platform = GENE_SYMBOL.chip, enrichment statistic = weighted, gene list sorting mode = real, gene list ordering mode = descending, max gene set size = 500, min gene set size = 15. The curated gene sets collection (c2.all.v5.0.symbols.gmt) was downloaded from the GSEA website (http://www.broadinstitute.org/gsea/index.jsp). A gene set was identified as significantly enriched when associated with q-value scores ≤ 0.05.
Functional enrichment analysis
Functional enrichment analyses were generated with the GOrilla tool (Eden et al, 2009) . The GO enrichment analysis was carried out in the "two lists mode", using the lists of DEGs and as background the corresponding list of expressed genes. We restricted the analysis to the biological process category and selected GO terms with enrichment (q-value ≤ 1E-3). Data visualization was carried out using REVIGO (http://revigo.irb.hr/index.jsp) (Supek et al, 2011) .
The analysis was run by selecting default parameters except for the resulting list that was setting as small size.
ChIP-seq analyses
For each ChIP-seq dataset, bad quality reads were filtered out according to the Illumina pipeline. The remaining reads were then aligned onto the hg19 release of the human genome using Bowtie 0.12.7 (Langmead et al, 2009 ). Options -m 1 -v 2 ensured that only reads showing a unique match to the genome and with two or fewer mismatches were retained for further analyses. Peak calling was performed using MACS 1.4 , using default parameters except for the following ones: gsize = 2.7E9, nomodel, tsize = 51, and bw = 300 (except for H3K27Ac of PDACs for which a bw = 100 was used). A matched input was used as control. We used a P-value threshold of 1E-10 for peak calling (both ChIP vs. input DNA and ChIP vs. ChIP). Gene Interval Notator (GIN), a tool included in the CARPET suite (Cesaroni et al, 2008) , was then used to annotate all regions over hg19 RefSeq genes extracted from the UCSC genome browser. GIN was run with priority set to "gene" and "-20000" as promoter definition. In order to visualize the raw profiles on the UCSC Genome Browser, wiggle files were generated with MACS and converted to bigwig file format. Tracks were linearly re-scaled to the same sequencing depth.
Classification of grade-specific acetylated regions
Peak calling was performed using MACS for each PDAC vs. input DNA and both ways (Lo-G vs. Hi-G PDACs and Hi-G vs. Lo-G PDACs) for each sample separately. These sets of acetylated regions were merged when located 500 bp within each other and subsequently filtered keeping only the peaks found to overlap at least one region enriched against the input. Peaks that remained unchanged in the comparison of Lo-G vs. Hi-G PDACs (and vice versa) and enriched against their respective inputs were considered as common; a set of regions enriched in more than 75% of the comparisons between Lo-G-vs. Hi-G PDACs (or vice versa) and filtered against the input were defined as Lo-G-and Hi-G-grade-specific, respectively; finally, all other regions were considered unclassified and not considered for further analyses.
Heatmap of grade-specific acetylated regions
The read counts for H3K27ac, H3K4me1, H3K4me3, and H3K9me3 for each one of the grade-specific acetylated regions were normalized by the sequencing depth. Besides, since these regions are not homogeneous in length, counts were normalized to the size of the region in kbp. To avoid any bias due to the outliers, a saturation procedure was performed considering each antibody independently: Counts exceeding the 95 th percentile were set to this value and the distribution of values was transformed into a 0-1 range. R was used to perform hierarchical clustering and to draw the heatmaps.
Identification of super-enhancer-like acetylation clusters SE-like clusters were identified by adapting a published approach (Whyte et al, 2013) . First, H3K27ac peaks within AE2.5 kbp from annotated TSSs of RefSeq genes were excluded. The remaining acetylated regions were merged using mergeBed (Quinlan & Hall, 2010) Giuseppe R Diaferia et al Transcriptional control of PDAC grade The EMBO Journal contained in each one of the clusters. Finally, regions were ranked based on read count and the top 5% were retained. SE-like clusters were classified as specific to Lo-G or Hi-G if present in at least 3/4 or 2/3 Lo-G and Hi-G PDAC cell lines, respectively.
TFs peaks and associated chromatin signatures ChIP-seq data analyses for each TF were performed as above. The resulting lists of peaks were then used to highlight the association with the chromatin modifications assayed in this study (H3K27ac, H3K4me1, H3K4me3, and H3K9me3), using cell line-specific ChIPseq data. ChIP-seq signals were assayed in a window of 5 kbp centered on the summit of the TFs. These windows were then divided in bins of 10 bp each, and the number of reads spanning each one of them was quantified. Read counts from each chromatin modification were then linearly scaled, saturated to 95 th percentile, and forced to 0-1. Finally, regions were sorted according to their intensity levels.
Functional enrichment analysis of ChIP-seq enriched regions using GREAT For each list of ChIP-seq peaks of interest, GREAT 2.0.2 (McLean et al, 2010) was used with default parameters and selecting the whole hg19 genome as background.
Motif enrichment analysis
In order to identify statistically overrepresented motifs corresponding to known TF binding sites, position-specific weight matrices (PWMs) were collected from specific databases and the literature (Hallikas & Taipale, 2006; Berger et al, 2008; Badis et al, 2009; Jolma et al, 2010 Jolma et al, , 2013 Wei et al, 2010; Kulakovskiy et al, 2013; Mathelier et al, 2014) , and used to build a custom set of 1,744 models. The complete list of PWMs used in the statistical overrepresentation analyses is in Table EV14 and the corresponding motifs are provided in MEME motif format (Table EV15) . Significantly overrepresented PWMs between any two sets were identified using a modified version of Pscan, in which a t-test was implemented in place of the original z-test (Zambelli et al, 2009) . Any PWM showing a P-value equal or lower than 1E-5 was considered as significantly overrepresented. The window considered for these analyses was set to AE250 bp around the center of grade-specific acetylated regions or around the summit of the peaks in case of TF ChIP-seqs. For each class of interest, different comparisons were performed, using in turn each dataset as foreground or background depending on the type of enrichment to be determined. Specifically, for the set of grade-specific acetylated regions, we compared the acetylated enhancers of the Lo-G and Hi-G subtypes with each other and with the set of human enhancers identified by the FANTOM5 consortium on the basis of the presence of bidirectional, capped RNA within H3K27Ac+ve and H3K4me1+ve regions (Andersson et al, 2014) . To identify PWMs enriched in TF ChIP-seq, the FANTOM5 enhancer set was used as background.
De novo motif discovery
We used MEME v4.6.1 (Bailey & Elkan, 1994) for de novo identification of TF binding sites associated with the top 5,000 genomic regions bound by each TF. We used 500-bp windows centered on the summit of the ChIP-seq peaks. The following parameters were used: -dna -mod zoops -nmotifs 10 -minw 6 -maxw 12 -revcomp. We then used TOMTOM (Gupta et al, 2007) (default parameters except for -dist ed) in order to assess the similarity of the identified motifs to known TF consensus binding sites.
Heatmap of TF cobinding FIMO (Grant et al, 2011 ) (version included in Meme 4.6.1) scans an input region of DNA for PWM occurrences. It computes a loglikelihood ratio score with respect to each sequence position and converts these scores into P-values. FIMO was run on the ChIP-seq peaks with MACS score ≥ 1,000, using a 500-bp window centered on peak summit. In order to assign the presence of a high-scoring match for a given PWM, a P-value threshold of 2E-4 was considered. If below this value, a region was scored as positive for a certain PWM, otherwise it was scored as negative. This way, each region was annotated with the presence or absence of a list of possible TF binding sites and the resulting binary matrices showed as heatmaps.
Data deposition
Raw datasets are available for download at the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds/) under the Super-Series accession number GSE64560.
Expanded View for this article is available online.
